Abstract: High-altitude inland-drainage lakes on the Tibetan Plateau (TP), the earth's third pole, are very sensitive to climate change. Tibetan lakes are important natural resources with important religious, historical, and cultural significance. However, the spatial patterns and processes controlling the impacts of climate and associated changes on Tibetan lakes are largely unknown. This study used long time series and multi-temporal Landsat imagery to map the patterns of Tibetan lakes and glaciers in 1977, 1990, 2000, and 2014, and further to assess the spatiotemporal changes of lakes and glaciers in 17 TP watersheds between 1977 and 2014. Spatially variable changes in lake and glacier area as well as climatic factors were analyzed. We identified four modes of lake change in response to climate and associated changes. Lake expansion was predominantly attributed to increased precipitation and glacier melting, whereas lake shrinkage was a main consequence of a drier climate or permafrost degradation. These findings shed new light on the impacts of recent environmental changes on Tibetan lakes. They suggest that protecting these high-altitude lakes in the face of further environmental change will require spatially variable policies and management measures.
Introduction
Lakes act as sentinels to environmental change, providing signals that reflect the influence of changes in climate [1, 2] . The Tibetan Plateau (TP), which covers an area of 2.6 × 10 6 km 2 , has been referred to as the world's "third pole" [3] and the "Asian water tower" [4] . High altitude inland-drainage lakes on the TP are relatively un-impacted by direct human activities compared to 
Lake Distribution and Extent
In this study, we focused on lakes with an area greater than 1 km 2 since smaller lakes could not be effectively quantified using remote sensing imagery [28] . For lake extent mapping, a total of 556 scenes of terrain corrected level 1T 80 m Landsat MSS and 30 m Landsat TM/ETM/OLI data were acquired from the U.S. Geological Survey (USGS) and China's Geospatial Data Cloud (http://www.giscloud.cn/) at near decadal intervals. To cover the entire TP, 147 Landsat MSS images and 127, 140, and 142 Landsat TM/ETM+/OLI images were acquired for the years 1977, 1990, 2000, and 2014 , respectively. Images were limited to the months of September to December to avoid the influence of seasonal lake area fluctuations. It should be noted that since most Tibetan lakes are salt lakes they are rarely totally frozen in winter so that the selection of imagery towards the end of the year does not impact lake area determination. Only those images with <10% cloud cover and 100% cloud-free cover above lakes were used. As far as possible, images were acquired in the same month for different years. If this was not possible, imagery from the previous or next month in the same year was acquired. When suitable cloud free imagery for specific areas was unavailable in a given year, images from the previous or following year were substituted.
The post-classification comparison (PCC) method (e.g., [29] ) is considered an accurate change detection technique for monitoring LULCC from remote sensing data. It is based on the detection of land cover changes by comparing independently produced classifications of images from different dates. The PCC method thus minimizes the problems associated with multi-temporal images under different atmospheric and environmental conditions [30] . The PCC method performs image classifications separately, while the digital change detection method directly identifies the image feature changes [30] . Whereas geometric correction is generally required in digital change detection, PCC does not require that images be radiometrically corrected or normalized before they are used for change detection [31] . The 1977 The , 1990 , and 2000 images were geometrically corrected to the corresponding 2014 image. For each MSS/TM/ETM+ scene, at least 30 evenly distributed sites which are locations with known coordinates that can be easily identified in an image (e.g., road intersections, stone wall boundaries, building corners, and solitary trees) were selected as Ground Control Points (GCPs). The root mean square error of the geometric rectification was less than 1 pixel (or 30 m). To enable precise comparison between the four datasets, TM/ETM+/OLI images were resampled to the 
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The object-oriented image segmentation method, which can delineate satellite images into homogeneous objects, can more easily delineate lake boundaries than traditional pixel-based methods [32] . After this image segmentation, the visible and near-infrared (NIR) bands are often used for the identification of water surfaces [33] . Unlike other land cover types, water absorbs much more light in the NIR band than in the visible band. The normalized difference water index (NDWI; defined in Equation (1)) is based on these differences and has been successfully employed for extracting water features from remotely sensed data (e.g., [33] [34] [35] [36] (1) In this study, the NDWI was used to reconstruct time series of lake number and lake surface area using the green and NIR bands. MSS band 1 (0.50-0.60 µm), TM band 2 (0.52-0.60 µm), ETM+ band 2 (0.52-0.60 µm), and OLI band 3 (0.53-0.59 µm) are green bands whilst NIR is provided in MSS band 3 (0.70-0.80 µm), TM band 4 (0.76-0.90 µm), ETM+ band 4 (0.77-0.90 µm), and OLI band 5 (0.85-0.88 µm). A NDWI histogram was first generated for each image. An optimal threshold value was determined in order to delineate water surfaces from each histogram using the larger lake objects. Water bodies and other land covers were distinguished based on threshold values using eCognition software version 8.64 (Definiens Imaging, Munich, Germany). The validity of extracted water surfaces was confirmed through visual inspection and checked against Google Earth images. Reservoirs, artificial ponds, and rivers were excluded from the resulting water surfaces using the database from the National Land Cover Dataset (NLCD; [37] ) and information on the distribution of these features available in the literature (e.g., [38, 39] ).
Climate Datasets
MAAT and MAP data from 83 meteorological stations located within and around the TP ( Figure 1) were acquired from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/ index.jsp). These stations were predominantly distributed in the eastern part and around the northern border of the TP. Of these stations, 56 are located on the TP whilst an additional 27 stations in the surrounding area were included for a better regional understanding of climate change trends. MAAT and MAP data from Nepal and India were not included as they were difficult to obtain. Spatial variations of MAAT and MAP were established by interpolation of climatic records through Aunsplin software [40] that takes elevation changes into consideration [41] .
Daily climatic records (including mean wind speed, maximum and minimum air temperature, and sunshine hours) from all 83 meteorological stations were also collected from the China Meteorological Data Sharing Service System. PET was estimated using these daily data and the FAO Penman-Monteith method [42] . An aridity index (AI) defined as the ratio between annual total PET and MAP (PET/MAP) was calculated for each station. AI was interpolated across the TP using Aunsplin software. The spatial resolution and projection of the interpolated AI data were consistent with those for MAAT.
Glacier Cover
Seasonal glacier melt is an important water source for lakes within the TP. Notable glacier retreat has been reported by previous studies [8, 10, 20, 43] . In order to investigate the responses of Tibetan lakes to glacier change, we mapped the glacier distribution on the TP, as shown in Figure 2 . This glacier cover dataset was obtained from the Circum-arctic map of permafrost and ground ice conditions from the World Data Center for Glaciology (WDCG, http://nsidc.org/). Ye et al. [43] investigated the spatial Remote Sens. 2018, 10, 358 5 of 17 variation of glacier loss and identified declines in glacier area in each of watersheds on the TP. The total area of glaciers on the TP declined by 7% between the 1970s and 2013 [43] .
Permafrost Distribution
Permafrost is defined as ground material that remains below 0 • C for at least two years [44] . On the basis of the percentage of land area underlain by permafrost [45] , permafrost is divided into four categories ( Figure 2 ): continuous permafrost (90-100%), discontinuous permafrost (50-90%), sporadic permafrost (10-50%), and isolated patches of permafrost (0-10%). The distribution of permafrost on the TP was also extracted from the Circum-arctic map of permafrost and ground ice conditions from the WDCG. Spatial and temporal variations in permafrost degradation are largely affected by changes in temperature [46] . 
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Watershed Delineation
The boundaries of the main watersheds on the TP were obtained from the Lake-Watershed Science Data Center of the Chinese Academy of Sciences (http://lake.geodata.cn). In total, 17 distinct watersheds were identified as shown in Figure 1 and summarized in Table 1 .
Results

Spatiotemporal Heterogeneity of Changes in Tibetan Lakes
A large number of lakes are identified on the TP, especially in the QP watershed (Figure 3a ). Across the TP as a whole, large increases in both the number of lakes and the total lake area between 1977 and 2014 are indicated (Figure 3b ). Over this period, the total number of lakes (area > 1 km 2 ) increased by 235 from the original 1056 whilst their total area increased by 19% from 38,952 km 2 to 46,265 km 2 (Table 1 ). 
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Spatiotemporal Heterogeneity of Changes in Tibetan Lakes
A large number of lakes are identified on the TP, especially in the QP watershed (Figure 3a ). Across the TP as a whole, large increases in both the number of lakes and the total lake area between 1977 and 2014 are indicated (Figure 3b ). Over this period, the total number of lakes (area > 1 km 2 ) increased by 235 from the original 1056 whilst their total area increased by 19% from 38,952 km 2 to 46,265 km 2 ( Table 1) . During the period 1977-1990, however, the total area of all lakes within the TP declined slightly (2%) from 38,952 km 2 to 38,126 km 2 although the direction and magnitude of changes varied between watersheds. For example, as the watershed with the largest total lake area, QP experienced a decline in the number (2.6%) and area (3.6%) of lakes during this period. In contrast, larger increases (61.1% and 5.6%, respectively) were experienced in the QB watershed. During the second period, 1990-2000, the total number of Tibetan lakes increased from 1109 to 1275 with the total area expanding by 7.7%, from 38,126 km 2 to 41,055 km 2 . However, in the northeastern and southwestern parts of the TP, different trends were experienced. For example, both the number and area of lakes in the QB, YAL, and HC watersheds, which lie in the northeastern TP, experienced declines (mean declines in the number and area equating to 15.2% and 4.0%, respectively). Between 2000 and 2014, the total number of lakes in the TP increased from 1275 to 1291 whilst their area expanded by 12.7% (from 41,055 km 2 to 46,265 km 2 ). These overall lake area increases mask spatial differences with nine watersheds showing increases and another six watersheds, mainly in southern TP, showing decreases.
To further analyze these changes, all lakes were categorized into six classes based on their area: >1000, 500-1000, 100-500, 50-100, 10-50, and 1-10 km 2 . Detailed lake changes for these different classes are shown in Table 2 . During the period 1977-1990, however, the total area of all lakes within the TP declined slightly (2%) from 38,952 km 2 to 38,126 km 2 although the direction and magnitude of changes varied between watersheds. For example, as the watershed with the largest total lake area, QP experienced a decline in the number (2.6%) and area (3.6%) of lakes during this period. In contrast, larger increases (61.1% and 5.6%, respectively) were experienced in the QB watershed. During the second period, 1990-2000, the total number of Tibetan lakes increased from 1109 to 1275 with the total area expanding by 7.7%, from 38,126 km 2 to 41,055 km 2 . However, in the northeastern and southwestern parts of the TP, different trends were experienced. For example, both the number and area of lakes in the QB, YAL, and HC watersheds, which lie in the northeastern TP, experienced declines (mean declines in the number and area equating to 15.2% and 4.0%, respectively). Between 2000 and 2014, the total number of lakes in the TP increased from 1275 to 1291 whilst their area expanded by 12.7% (from 41,055 km 2 to 46,265 km 2 ). These overall lake area increases mask spatial differences with nine watersheds showing increases and another six watersheds, mainly in southern TP, showing decreases.
To further analyze these changes, all lakes were categorized into six classes based on their area: >1000, 500-1000, 100-500, 50-100, 10-50, and 1-10 km 2 . Detailed lake changes for these different classes are shown in Table 2 . During the period 1977-1990, both the total area and number of lakes in the size classes 1-10 and 100-500 km 2 increased, while both the total area and number of lakes in the 10-50 and 500-1000 km 2 size classes decreased. The tenth largest lake in 1977, Ulan Ul Lake, split into two separate lakes, resulting in a decrease in the number of lakes in the 500-1000 km 2 class from 9 to 8.
During the 1990-2000 period, the total area of lakes increased for all the size classes. The largest number of increases in lake number was for the 1-10 km 2 size class which accounted for 123 of the net total of 166 new lakes. During this period, Ngangla Ringco Lake shrunk from size class 500-1000 km 2 (520 km 2 ) in 1990 to size class 100-500 km 2 (495 km 2 ) in 2000. Two separate lakes, Dorsoidong Co and Chibzhang Co, became connected between 1990 and 2000 to form a larger lake, covering a total area of 882 km 2 .
During the period 2000-2014, the area of the fourth largest lake, Zhari Namco Lake increased from 967 km 2 (size class 500-1000 km 2 ) to 1003 km 2 (size class > 1000 km 2 ). The previously connected lakes Dorsoidong Co and Chibzhang Co together expanded to 1012 km 2 (size class > 1000 km 2 ). Ulan Ul Lake, which was shown to comprise two separate lakes during the 1977-1990 period, merged during the 2000-2014 period forming a larger lake covering a total area of 603 km 2 by 2014.
Further investigation of lake changes is possible using an east-west transect of ten selected lakes (numbers 1-10 in Figure 3a ) along the Gangdise Mountains (Table 3) . There is marked variation in the changes along this transect. Between 1977 and 2014 the seven easternmost lakes experienced obvious expansions in area, while the areas of the three westernmost lakes (Ngangla Ringco, Mapam Yumco, and La'nga Co) declined. Large areas of mountains on the TP were covered by glaciers (Figure 2 ), especially in the TR, YR, ST, NK, and QP watersheds. Previous reports have documented that glacier area on the TP has Large areas of mountains on the TP were covered by glaciers (Figure 2) , especially in the TR, YR, ST, NK, and QP watersheds. Previous reports have documented that glacier area on the TP has decreased substantially over the past several decades. As summarized by Ye et al. [43] , all of the 17 watersheds exhibited continuous glacier shrinkage from 1970s to 2013. The larger decline in glacier area occurred in the Kunlun Mountains (TR and NK watersheds) and Gangdise Mountains (WT, YR, and QP watersheds).
Extensive permafrost is distributed across the central and western TP (Figure 2 ), which accounts for 63% of the total plateau area. The QP watershed has the largest proportion of its area covered in permafrost (96%), while MR has the smallest (4%). Based on the spatial distribution of permafrost categories and MAAT changes, permafrost degradation was most pronounced between the Himalayas and Tanggula Mountains (watersheds WT and YR) and in north of the Hengduan Mountains (watersheds LR, NI, and JAS).
Patterns and Processes in Impacts of Climate and Associated Changes on Tibetan Lakes
In order to disentangle the heterogeneity of lake changes across the TP, change trends in AI, glacier area, permafrost degradation, and lake area at the watershed scale were categorized into four response modes for each of the observed periods between 1977 and 2014. Glacier melt and permafrost degradation were the common features in the 17 watersheds. Modes 1 and 2 are commonly characterized by increases in the area of lakes, but they have decreased and increased AI, respectively. The other two modes are associated with reduced lake area. Mode 3 is characterized by increases in AI, while Mode 4 is characterized by declining AI. The modes assigned to the 16 watersheds (JR watershed was excluded because it had no lake larger than 1 km 2 ) for each of the near decade long periods as well as the complete 1977-2014 period are summarized in Table 4 and illustrated in Figure 6 in order to identify the different responses of lakes to climate and associated changes across the TP.
characterized by increases in the area of lakes, but they have decreased and increased AI, respectively. The other two modes are associated with reduced lake area. Mode 3 is characterized by increases in AI, while Mode 4 is characterized by declining AI. The modes assigned to the 16 watersheds (JR watershed was excluded because it had no lake larger than 1 km 2 ) for each of the near decade long periods as well as the complete 1977-2014 period are summarized in Table 4 and illustrated in Figure  6 in order to identify the different responses of lakes to climate and associated changes across the TP. Note: + denotes increase and − denotes decline. These directions of change are provided for AI, glacier area, permafrost, and lake area. For example, Mode 1 is characterized by declines in both AI and glacier area, permafrost degradation, and an increase in lake area.
Discussion
The climate of the TP has become warmer and wetter over the last few decades (Figure 4) . Glaciers have evidently reduced in area and thinned across much of the plateau although there are some regional anomalies [47] , mainly within the Kunlun and Qilian Mountains (QL and HC watersheds) likely as a result of glacier surging. Although detailed, plateau-wide glacier mass balance analyses are lacking, increasing glacier melting [43, 48] and, as a result, increased water supplies to Tibetan lakes have been widely reported. At the same time, permafrost has degraded [9] . These changes have markedly affected the number and area of lakes, in particular those in smallest size class (1-10 km 2 ) [14] . Changes in lakes established for the TP in the current study differ from those identified for Arctic lakes where a declining trend is dominant [49] . Although warming, increased precipitation, and permafrost degradation were observed in both the Arctic and the TP, increases in lake number and area on the TP demonstrated by this study are assumed to have a different origin to the changes in the Arctic where spatial patterns of lake reduction were predominantly associated with thawing permafrost [49] .
Distinct differences in the changes in MAAT, MAP, and PET on the TP before and after 2000 were identified in this study. The declines in PET in the early part of this period were predominantly due to lower wind speed and increased relative humidity [7] , in turn driven by warmer temperature with a correlation coefficient of 0.516. Additionally, spatial variance in the rates of change in MAAT and AI were observed in different watersheds. Therefore, the responses of lakes to climate change were examined in different periods at the watershed scale. In our study, spatial differences in the changes in lake number and area and their influencing factors were evident among the 17 major watersheds that were investigated. Therefore, the distribution of the four response modes varied spatially at the watershed scale across the plateau. The four response modes documented that increases in lake water supply can largely be attributed to enhanced precipitation and glacier melt water (modes 1 and 2), while declines in lake area are mainly attributed to increasing evapotranspiration and permafrost degradation (modes 3 and 4).
Wetter climate and glacier melt contribute to increases in lake area, whereas drier periods reduce water supplies and consequentially lake extent (modes 1 and 2). Some of the changes exhibited by lakes on the TP can be illustrated using specific cases. For example, Nam Co Lake (Figure 3d) , located in the south-central part of the TP within the QP watershed (Figure 3a) , is a typical example of a lake which exhibited continuous increases in area (92.2 km 2 or 4.7% over the period 1977-2014) that were primarily due to increases in MAP combined with glacier melt [24, 50] . As reported by Ye et al. [43] , the decline in glacier area within the Namco Lake's watershed was the largest of any watershed on the TP. The Siling Co Lake (Figure 3d) , located within the same watershed and subject to the same changes, was originally smaller than Nam Co but by 2014 had grown to become the second largest lake on the TP. The continuous expansion of the lake (704 km 2 or 42.3%) during the period 1977-2014 inundated a large area of surrounding pastureland, although increases in the area of aquatic plants improved habitat condition for waterfowl and other aquatic species [51] . However, in those watersheds with particularly large increases in lake extent, for example NK and YBL, the impacts of further extensive inundation of lakeside grasslands and, in turn, the implications for animal husbandry [3] will need to be assessed. The QP watershed has about 70% of the total lake area on the TP, and was characterized by Mode 1 from 1977 to 2014. The area of lakes with wetter climate and filled with melt glaciers increased over the whole TP.
Declines in lake area during the period 1980-2000 have been observed in parts of Central Asia. These were attributed to reductions in precipitation and warmer temperatures [51] . The same driving forces responsible for reductions in lake area on the TP feature in one of the response modes (Mode 3) identified in the current study. Increased water supply from the melting of glaciers triggered by warming climate does not completely compensate for the declines due to a drier climate leading to lake area decline [36, 52] . The dominant influence of drier climate in explaining the declines in lake extent on the TP is in agreement with the reduction in lakes within arid or semiarid zones, such as those reported for the Outer Mongolian Plateau [23, 53] and Northern China [54] . Lakes within the WT watershed, which comprises the headwaters of a number of large international rivers (the Indus, Ganges, Sutlej, and Brahmaputra), declined (by 37.3 km 2 or 4.7%) during the period 1977-2014. Manasarovar Lake, which is located within this watershed (Figure 3a) and is one of the three largest sacred lakes of Buddhism, Hinduism, and Bon [55] , has continually shrunk (by 6 km 2 or 1.5%) over the past four decades. Such lake shrinkage induced by climate changes therefore has important cultural and religious significance. Qinghai Lake, a sacred lake in the northeast TP which is also listed as an internationally important Ramsar wetland, also experienced reductions in its area (171 km 2 or 3.9%) during the period 1977-2000. In addition to the possible effects on local religious life, this decline has degraded habitat quality for a large migratory bird population as well as grassland productivity [56] . Although the shrinkage of the lake was reversed during the period 2000-2014 (Figure 3d ), scientifically-sound planning of water resources in this part of the TP will be essential. Collaboration between governments, scientists, and local communities will be indispensable in order to minimize the impacts of continued changes in lake extent. For example, sustainable tourism development will be vital to conserve lakes, particularly sacred lakes and those with nature conservation designations. Furthermore, water resources planning will need to include assessments of the feasibility of proposed hydropower plants on rivers in this region such as on the Buha River [57, 58] . In watersheds characterized by modes 4 and 5, declines in the volume of runoff may limit future electricity generation from existing hydropower whilst plans for new hydropower plants should be carefully evaluated considering the possible challenges associated with declining water resources.
Although in some watersheds (e.g., MR) water supplies have apparently been enhanced due to a wetter climate and melting glaciers, total lake area has not increased (i.e., Mode 4). These changes may be linked to permafrost degradation, whereby a warming climate reduces the extent of frozen impervious layers and thus increases infiltration and reduces surface runoff [9, 59] . The thicker active layer increases root zone storage capacity that enables more rainfall/snowmelt to infiltrate and then be stored in the root zone from where it is then evaporated and transpired. Runoff and so surface water flows, to lakes are consequentially reduced. Meanwhile, warmer temperatures can lead to thinning and eventual "breaching" of permafrost near lakes, facilitating topsoil erosion and drainage from the water body [60] . In this way, permafrost degradation resulting from a warming climate can induce lake shrinkage [60, 61] and is probably the reason for the notable reduction in the size of Yamdrok Lake (53.1 km 2 or 8.7% over the period 1977-2014), another sacred lake in Tibet (Figure 3d) . In Alaska, a considerable range of changes in the number and area of lakes has been observed for different categories of permafrost [47] . This was repeated on the TP, where lake changes varied among watersheds characterized by different permafrost categories [17] . Permafrost degradation in the Three-River Headwater Region, which is largely confined within the YAL and northern JAS and LR watersheds employed in the current study, has been identified during the past decades [59, 60] . It is a likely major contributory factor in the decrease in lake area reported for this part of the TP in the current study. We observed that some lakes close to roads, especially those with small areas, experienced obvious shrinkage under the background of wetter climate and glacier retreat. We hypothesize that this area decline may be mostly related to permafrost degradation.
The potential effects of permafrost degradation induced by warmer temperatures would clearly merit further detailed investigation. In watersheds that currently have extensive permafrost, measures will be required to mitigate climate change-related degradation, particularly impacts on infrastructure. The existing road and railway networks as well as future developments, such as the recently planned Sichuan-Tibet and Sichuan-Qinghai railways may further exacerbate permafrost degradation and in turn may be impacted by it [15] . Careful line selection and low-impact designs and development will be required to mitigate damage to permafrost which will in turn address potential impacts on lakes.
In this study, multiple datasets were employed to examine the patterns and processes of climate and associated changes at the watershed scale. Spatiotemporal changes in the climatic factors obtained from long-term meteorological observations and remote sensing were assessed. Although the majority of meteorological stations are located on the eastern TP, spatial interpolation of climatic factors using Aunsplin software at least enables altitude to be incorporated within the interpolated datasets used to determine the variable climatic changes within the different watersheds. The expansion of meteorological monitoring networks into those areas that are currently underrepresented would, however, be a priority for establishing more comprehensive assessments of changes in the climate of the TP into the future. Additionally, this study used the AI index to identify impacts of climate change on lakes instead of directly employing MAP and PET in order to avoid potential confusion of simultaneously discussing precipitation and evapotranspiration whilst addressing some potential errors in interpolated datasets.
In common with other studies [17, 23] , detailed spatial distributions of different permafrost categories and their degradation over time were unavailable and this represents an important data deficiency. Although permafrost degradation is irrefutable on the TP [9, 26] , updated spatial data describing the distribution of permafrost is clearly desirable for future studies of the impacts of climate change on the TP. The analysis of an east-west transect of ten selected lakes across the Gangdise Mountains reveals variable lake area changes as a result of multiple factors. In addition to climate and associated changes, topographic features largely affect the change in lake area. As shown by the transect analysis, changes in six of the lakes for each period were in accordance with the modes for the watersheds in which they are located (Table 3) . With the exception of Ngangla Ringco Lake, which is located towards the border of the watershed, changes for all of the selected lakes were consistent with the modes in the corresponding watersheds during the period 1977-2014. Long-term monitoring of lake levels at more local scales would further contribute to understanding the complicated responses of lakes to climate change. Lakes on the TP not only represent important natural resources that are utilized directly by humans [11] , but they have important religious, historical, and cultural significance [62] . Continued scientific research coupled with long-term monitoring will be critical for assessing the future responses of the lakes of the TP to further climatic changes.
Conclusions
The integration of meteorological records and remote sensing data has enabled the investigation of the impacts of spatially variable patterns of climate and associated environmental changes on Tibetan lakes. We analyzed the spatially variable changes in lake number and area, an aridity index (which integrates precipitation and potential evapotranspiration), and mean annual air temperature in 17 watersheds on the TP between 1977 and 2014. Our study reveals that the number and area of lakes on the Tibetan Plateau are sensitive to climate change, and its impacts on meteorological conditions and in turn glacier and permafrost changes. Over the nearly four-decade period, the total number and area of lakes (area > 1 km 2 ) increased from 1056 to 1291 (22%) and from 38,951 km 2 to 46,264 km 2 (19%), respectively. Four modes were identified to characterize the different responses of Tibetan lakes to climate change, glacier retreat, and permafrost degradation. In the majority of the 17 watersheds, a wetter climate and the melting of glaciers increased inflows to lakes, thereby contributing to gains in lake area. However, a drier climate and probable permafrost degradation in some watersheds resulted in losses in lake area. Lakes on the TP are not only critically important natural resources, but also have religious, historical, and cultural significance. Our findings shed new light on the impacts of climate and associated changes on Tibetan lakes. Geospatially variable response modes suggest that a range of policies and measures will be required to manage the lakes on the world's third pole.
